The homozygous PRO/Re mouse has less than 1% of the very high proline oxidase activity that characterizes normal kidney cortex. In PRO/Re mouse the endogenous proline concentration is eight times normal in plasma and four times normal in kidney cortex cells, but 50 times normal in urine. The integrity of the membrane transport systems for proline uptake at the antiluminal surface of absorbing epithelium is retained in PRO/Re kidney, as determined by the slice method. Clearance studies in vivo under steady-state conditions indicate that the integrity of the luminal uptake system shared by glycine and proline, and serving proline absorption, is also intact. The exaggerated renal clearance of proline in PRO/Re mice (50 times normal) is explained when its raised intracellular concentration, caused by impaired proline oxidation, is considered. Backflux into urine flowing down the nephron will occur under these conditions, thus impairing net reclamation of proline in PRO/Re kidney. The findings reveal that membrane transport and intracellular metabolism of a substrate are, indeed, independent functions, but that metabolism of a substance can influence its transcellular transport.
Transport across the plasma membrane and intracellular metabolism of an amino acid should be considered as independent functions (1) . Awareness of this essential dichotomy has been heightened by the use of blocked-catabolic mutant microorganisms and metabolically inert substrates to study membrane transport of various amino acids (1, 2) . The opportunity to examine L-proline transport in kidney of the homozygous PRO/Re mouse (3, 4) , a mutant with less than 1% of the normal renal proline oxidase activity, was of particular interest to us. Proline is avidly taken up from urine (5) and from plasma (6) by mammalian kidney, where it is then vigorously oxidized, with resultant glucogenesis under conditions of fasting (6) . It follows that the PRO/Re mouse offers a unique opportunity to examine the inter-relationships between intracellular metabolism of proline and the cellular architecture of renal absorbing epithelium; and how they influence proline uptake from extracellular fluid in vivo and in vitro and the net reclamative flux of proline from urine to blood in vivo.
We used renal clearance methods (7) to evaluate tubular reclamation of proline across the luminal membrane, and the kidney cortex slice technique to measure transport across the antiluminal surfaces of epithelial cells (8) . Normal mouse kidney transports L-proline in vitro by saturable energydependent membrane mechanisms, and can reclaim virtually all of the filtered proline from urine. This organ also oxidizes proline at exceptionally high rates. When proline oxidation is blocked, the intracellular proline pool is expanded in PRO/Re 1431 mouse kidney. Whereas, proline transport as a membrane function remains intact, net reclamation from urine is impaired in PROIRe mice, presumably because of proline backflux at the luminal side of the epithelium.
METHODS AND MATERIALS
Homozygous PRO/Re mice were provided by Dr. Elizabeth Russell of the Jackson Laboratory, Bar Harbor, Maine; control mice (A/J and C57BL/6J) were obtained from Dr. F. Clarke Fraser at McGill University. Blood for proline determination was obtained by orbital sinus puncture, and urine for measurement of proline and creatinine was collected from six to nine animals placed in hanging metabolic cages. Homogenates of dissected renal cortex and of renal cortex slices were prepared from kidneys immediately after their removal and analyzed as described previously (9) (10) (11) (12) (13) .
L-Proline was infused into lightly anesthetized mice through an exposed cannulated external jugular vein. The bladder was also catheterized. Blood was withdrawn from an exposed tail vein. The animal was kept at constant body temperature and fluid loss was replaced to keep body weight, hematocrit, and serum osmolarity constant. The glomerular filtration rate was measured by [14C]inulin clearance. Proline levels in plasma were elevated step-wise by priming doses of L-proline (0.25-5 g/dl) and maintained by a sustaining infusion. Equilibration for 30-60 min was allowed prior to measurement of renal excretion and reabsorption of proline at each plasma level attained. Proline uptake by renal cortex slices was measured after determination of the appropriate tissue water spaces; the distribution of proline in metabolic pools was measured with L-['4C]proline and by direct chemical analysis, using methods described previously (9) (10) (11) (12) line is 50 times normal. Proline excretion in control mice is minimal, being about one tenth that of glycine. Intracellular proline is elevated about 4-fold in whole-cortex homogenates of PRO/Re kidney. The corresponding proline distribution ratio in vivo (proline in kidney intracellular water: proline in plasma water) is depressed when compared with that of control mouse kidney (Table 1) ; the explanation of this finding is conventional. When the in vivo distribution ratio is plotted against the reciprocal of the corresponding plasma proline concentration (the so-called Akedo-Christensen plot), a steady-state transport relationship between plasma and tissue is described which undergoes saturation at elevated concentrations of the substrate (Fig. 1 ). Akedo-Christensen plots for 30-min uptake of iproline under steady-state conditions by control and PRO/Re kidney cortex slices. The soluble-isotopic distribution ratio, and the uptake ratio which accounts for proline oxidized to C02 (9, 1) are related to the reciprocal of the proline concentration in the medium. Saturable uptake is observed in PRO/Re slices deficient in proline oxidase activity. Control kidney oxidizes proline so rapidly that saturable transport is not observed unless the total amount of proline taken up by slice and lost by oxidation to CO2 is taken into account. We also investigated whether urine trapped in the lumen of tubules, containing a great excess of proline, might contribute to the high in vivo tissue: plasma proline distribution ratio in PRO/Re kidney. The proline content of whole-cortex homogenates was compared with that of thin cortex slices with a collapsed tubular lumen (8) . The latter were prepared quickly, placed briefly on chilled filter paper soaked in buffer, then dried by blotting and homogenized. The proline content in slices was one tenth to one third less than in whole-cortex homogenates. We believe the artefact of trapped intraluminal urine explains why "intracellular" proline is higher in vivo at various levels of plasma proline ( Fig. 1 and Table 1 ), than in cortex slices incubated in vitro under analogous steady-state conditions at corresponding concentrations of extracellular proline (namely Fig. 2 and Table 2 ).
In vitro uptake and metabolism of proline by kidney cortex slices
The steady-state relationship between influx and efflux, and oxidation of L-[4C]proline, was examined in vitro with kidney cortex slices. The isotopic distribution ratio achieved a steadystate after 30 min incubation. The chemical distribution ratio and the sQluble-isotopic distribution ratio, corrected for conversion of "4C-labeled proline to other soluble derivatives, were also determined. The latter two are less than unity in control mice with intact proline oxidase activity (Table 2) ; the corresponding ratios are greater than unity in PRO/Re kidney. Chromatographic development of the soluble 14C-labeled material, extracted from boiled slices after 30 min incubation, revealed that normal mouse kidney readily converts L-proline to non-proline metabolites. Only 23% of the label accumulated from extracellular proline at 1.2 mM is retained as intracellular proline by control mouse kidney; the majority of 14C label appears in CO2 (Fig. 2) . On the other hand, 77% of the label is retained as proline by PRO/Re kidney under similar conditions and oxidation to CO2 is greatly attenuated, as expected, in the kidney deficient in proline oxidase (Fig. 2) . (9, 11) .
t Derived from uncorrected 14C radioactivity in intracellular water. § Sum of dpm in 14CO2 and dpm in soluble pool (9, 11).
The PRO/Re mutant unequivocally transports L-proline against a chemical gradient (Fig. 2) . Proline uptake by PRO/ Re kidney slices is inhibited by cyanide and anaerbiosis and by Na+ depletion in the medium, as in normal mammalian kidney (9-12).
Concentration-dependent uptake and reclamation of proline.
Rat and human kidney cortex slices take up -proline under steady-state conditions, by more than one saturable mechanism (9-12, 14, 15) . Mouse kidney accumulates proline in a similar manner (Fig. 3) . The apparent Km values for proline uptake by normal mouse kidney cortex slices (about 10 mM on the "high" system and about 0.1 mM on the "low" system) are in the range of those reported for rat (9) (10) (11) (12) , and human (14) kidney under similar conditions. The affinity of L-proline for its transport system(s), particularly at the concentrations of proline experienced in vivo, is not significantly modified by proline oxidase deficiency (Fig. 3) .
We also examined proline efflux from PRO/Re and control cortex slices, at comparable intracellular concentrations, by methods described previously (12) . Proline efflux rates are similar in the mutant and control mice; 90% of the initial proline has been lost across the antiluminal membranes within 15 min.
Net tubular reabsorption in vivo
Renal clearance of proline (urinary excretion in Mmol/min + plasma proline in ,umol/ml), and net tubular reabsorption of proline [(inulin clearance in Ail/min X plasma proline in /Amol/ml) -(urinary proline in smol/min) ], were measured in control and PRO/Re mice. The renal clearance of proline in three different PRO/Re mice was about 50 times higher than in age-and weight-matched controls at all comparable levels of plasma proline observed (Fig. 4) . Net tubular reabsorption (reclamation) of proline is accordingly, much diminished in the PRO/Re renal tubule. It is of interest that we were unable to identify any significant saturation of proline reabsorption in vivo in the normal mouse, even at plasma concentrations more than 200 times normal (R. R. McInnes and C. R. Scriver, unpublished data). Proline shares a transport system with glycine, and the former will inhibit reclamation of the latter during tubular reabsorption in man (5) and rat (15, 16) at the concentrations of both substrates encountered in the present study. Proline and glycine share transport in the mouse also (R. R. McInnes and C. R. Scriver, unpublished data). Therefore, we examined interaction between proline and glycine during reabsorption to determine whether this system is intact in the PRO/Re mutant. Glycine reclamation is impaired to the same degree in the PRO/Re and control mouse at various concentrations of L-proline (inset, Fig. 4) , implying that integrity of the shared luminal membrane system serving reclamation is retained in PRO/Re kidney.
DISCUSSION
The kidney of mouse is quite different from that of man or rat in its capacity to oxidize proline. After 30-min incubation at 0.1-0.2 mM L-proline, the fraction of transported proline oxidized to CO2 by kidney cortex slices is about 50% in the rat (9) and in man (14) ; it exceeds 80% in normal mouse. The in vivo concentration of proline in kidney cortex, as determined by the slice method, is also different in the three species. In man (14) , and in rat (11) , it exceeds 0.6 mM, whereas in mouse kidney, it is less. The average proline concentration in plasma is above 0.2 mM in rat and in man (9, 11, 19) , whereas, it is less in the mouse. These findings imply that the rate of intracellular proline oxidation modulates its concentration in body fluids.
Net tubular reabsorption of proline reaches saturation in man when the plasma proline concentration exceeds 1 mM. The reabsorptive function is dependent on the integrity of membrane transport systems which serve low (physiological) and high intraluminal concentrations of proline (5) . Saturability of a high-capacity mechanism for proline reabsorption has also been identified, with some difficulty, by microperfusion methods in rat kidney (18) . On the other hand, we could not define a saturable mode for proline reabsorption in the mouse at proline concentrations that evince saturation in man and rat. It occurred to us that the great capacity of mouse kidney to oxidize proline might keep intracellular proline at low levels and that the capacity for proline uptake into the cell does not normally exceed the capacity for disposal of proline in the absorptive cell. In this case, an intracellular enzyme acting on the substrate comes to influence, although not to serve directly, the transcellular movement of the amino acid; that is, metabolism of proline is a determinant of its intracellular concentration and thus of its transepithelial reclamation. The PRO/Re mutant proved to be a useful probe of this hypothesis.
Proline concentration is modestly elevated in the body fluids of PRO/Re mice whereas, urinary proline is exceptionally high; we suggest that expansion of the intracellular proline pool in tubular cells is largely responsible for the latter finding. Prolinuria will presumably occur in PRO/Re mice, in part because the luminal transport system undergoes normal saturation at the higher concentrations of proline in tubular urine (5, 7, 15-18); a greater fraction of filtered proline will, therefore, escape tubular reclamation. However, our studies in control mice reveal that this normal saturation of the transport mechanism does not significantly impede net reabsorption when proline oxidation is intact. The normal nonsaturable mode of entry (20) apparently permits quite efficient reclamation provided proline can be oxidized after uptake and rapid diffusion is possible. Normal integrity of the saturable, energy-dependent proline transport systems which are exposed in glomeruli (21) and at the antiluminal surface of epithelial cells (9) was also demonstrated in PRO/Re cortex slices.
The hyperprolinuria relative to extracellular proline concentrations which is characteristic of PROIRe mouse can be interpreted by the application of Michaelis kinetics to the transepithelial reabsorptive function (Fig. 5) . We must assume that the relationships for proline efflux in PRO/Re kidney, as identified at the antiluminal membranes in vitro, pertain also to the luminal membrane in vivo, and that proline uptake kinetics at physiological concentrations across luminal and antiluminal membranes are independent but similar. Earlier studies in rat kidney (11, 12) suggest that such assumptions are reasonable. We utilized the evidence that an asymmetry of trans-cellular flux must exist (22) , presumably achieved by the disparity in absorptive membrane area, of luminal and antiluminal surfaces, to achieve net reabsorption of solute from urine; and that cellular accumulation from blood or urine and transepithelial transport from urine to blood, for some amino acids at least, are dissociated in kidney (23, 24) . We can then propose that excessive prolinuria in PRO/Re is a simple function of the raised intracellular concentration of proline in the presence of proline oxidase deficiency, and also in the presence of continuing uptake from blood and urine. At high concentrations of proline inside the cell, efflux of proline is enhanced on the same mechanism that moves it into the cell against a gradient (Fig. 5) . When this event occurs at the luminal surface of the epithelial cell, proline will flow into a moving column of fluid and will appear in the bladder urine, being perceived as diminished tubular reclamation of proline. The normal structural relationships of tubular epithelium permit this phenomenon to be observed in vivo in a manner not possible in vitro.
The failure to observe impaired net reabsorption of phenylalanine in phenylketonuria (25, 26) and of sarcosine in sarcosinemia (27) , both mutant blocked-catabolic states, can be Proline Uptake and Transtubular Reclamation explained. The role of kidney in the oxidation of these amino acids is negligible or minor, respectively, so that the intracellular concentration of these two amino acids is not modulated by their renal metabolism.
